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Abstract
Background
The advent of direct-acting agents (DAAs) has improved treatment of HCV in HIV co-infec-
tion, but may be limited by primary drug resistance. This study reports the prevalence of nat-
ural polymorphisms conferring resistance to NS3/4A protease inhibitors and NS5B
polymerase inhibitors in treatment-naïve HIV/HCV co-infected individuals in China.
Methods
Population based NS3/4A sequencing was completed for 778 treatment-naïve HIV/HCV
co-infected patients from twelve provinces. NS3 sequences were amplified by nested PCR
using in-house primers for genotypes 1–6. NS5B sequencing was completed for genotyping
in 350 sequences. Resistance-associated variants (RAVs) were identified in positions asso-
ciated with HCV resistance.
Results
Overall, 72.8% (566/778) of all HCV sequences had at least one RAV associated with HCV
NS3/4A protease inhibitor resistance. Variants were found in 3.6% (7/193) of genotype 1,
100% (23/23) of genotype 2, 100% (237/237) of genotype 3 and 92% (299/325) of genotype
6 sequences. The Q80K variant was present in 98.4% of genotype 6a sequences. High-
level RAVs were rare, occurring in only 0.8% of patients. 93% (64/69) patients with geno-
type 1b also carried the C316N variant associated with NS5B low-level resistance.
PLOS ONE | DOI:10.1371/journal.pone.0157438 June 24, 2016 1 / 14
a11111
OPEN ACCESS
Citation: Zhou K, Liang Z, Wang C, Hu F, Ning C,
Lan Y, et al. (2016) Natural Polymorphisms
Conferring Resistance to HCV Protease and
Polymerase Inhibitors in Treatment-Naïve HIV/HCV
Co-Infected Patients in China. PLoS ONE 11(6):
e0157438. doi:10.1371/journal.pone.0157438
Editor: Luis Menéndez-Arias, Centro de Biología
Molecular Severo Ochoa (CSIC-UAM), SPAIN
Received: December 25, 2015
Accepted: May 31, 2016
Published: June 24, 2016
Copyright: © 2016 Zhou et al. This is an open
access article distributed under the terms of the
Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any
medium, provided the original author and source are
credited.
Data Availability Statement: The accession
numbers for sequences submitted to Genbank are
KT162143-KT162915.
Funding: This work was supported by the Chinese
National Key Technologies Research and
Development Program for the 12th Five-year Plan
[2012 ZX 10001003-003]; the People's Livelihood
Science and Technology Program from Science and
Information Technology of Guangzhou [Grant No.
201300000092]; and the National Institutes of Health
[FIC R25TW0093].
Conclusions
The low frequency of high-level RAVs associated with primary HCV DAA resistance among
all genotypes in HIV/HCV co-infected patients is encouraging. Further phenotypic studies
and clinical research are needed.
Introduction
The emergence of novel therapeutics for chronic hepatitis C virus (HCV) infection has brought
this global pandemic to the forefront of public health attention [1]. Co-infection with HIV is
common in HCV patients due to shared routes of transmission. One of the largest populations
with HIV/HCV co-infection worldwide can be found in China, with a high proportion residing
in the southern region as a result of intravenous drug use and drug trafficking from the Golden
Triangle [2]. The long latency period from asymptomatic infection to cirrhosis and hepatocel-
lular carcinoma with chronic HCV infection contributes to low uptake of HCV therapy in HIV
co-infection [3], particularly when weighing the competing comorbidities of opportunistic
infections and the high burden of pegylated interferon and ribavirin therapy. The introduction
of highly active antiretroviral therapy normalized HIV life expectancy over time, thereby
unmasking the morbidity and mortality of co-infection with HCV. End stage liver disease is
now one of the leading causes of death in HIV-infected individuals [4]. Successful HCV treat-
ment appears to mitigate this effect by slowing or stopping progression of fibrosis [5]. The
advent of direct-acting agents (DAA) has allowed earlier and better tolerated treatment of
HCV in HIV co-infection, increasing feasibility of HCV treatment uptake.
Several DAAs are currently approved for HCV treatment in the United States while many
others are still in phase II and III trials [6]. DAAs are categorized as NS3/4A protease inhibi-
tors, NS5B polymerase inhibitors and NS5A protein inhibitors depending on the viral protein
that is targeted. Currently approved protease inhibitor therapies include telaprevir, boceprevir,
and simeprevir in combination with peg-interferon and ribavirin for genotype 1 and paritapre-
vir in an interferon-free regimen. The NS5B polymerase inhibitor sofosbuvir is also available in
an all-oral, interferon-free regimen and studies have demonstrated the feasibility of this regi-
men in HIV/HCV co-infection [7]. A second NS5B polymerase inhibitor dasabuvir is approved
in a regimen including ombitasvir, paritaprevir and ritonavir. Currently treatment with DAAs
is not available in China and many challenges in traditional HCV therapy remain including
cost, low awareness of treatment options, low treatment uptake, and poor adherence [8]. An
additional barrier is the diverse distribution of HCV genotypes among co-infected patients in
China, the most common being genotypes 1b and 6a [2, 9]. Genotype 6 patients, infrequently
seen outside of Southeast Asia, are seldom included in clinical trials, and treatment data are
incomplete [10].
One key limitation of DAA treatment has been the presence of primary drug resistance
leading to treatment failure. The highly error prone RNA polymerase of the hepatitis C virus
accounts for the occurrence of HCV as an assembly of quasispecies in the human host, in
which a low proportion of less fit variants with natural resistance-conferring polymorphisms
can exist [11]. Treatment with DAAs provides selective pressure for these variants, particularly
with protease inhibitors, which as a drug class has a lower threshold for developing resistance
[12]. Virologic failure manifesting in 1–13% of patients enrolled in early clinical trials was
nearly always associated with the detection of mutant variants at the time of breakthrough and
a number of these variants were present prior to initiation of treatment [13]. While wild-type
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virus eventually repopulates the HCV population [14], the uncertainty of this timing and the
potential for cross-resistance are current barriers to re-treatment. Presence of pre-existing
resistance-associated variants (RAVs) such as R155K that lead to complete treatment non-
response has also been a cause of concern, although rarely detected [15]. At this time, the con-
sequences of DAA resistance, particularly prior to treatment, are not yet fully appreciated.
Studies investigating the occurrence of baseline DAA resistance are limited in Asia and
most of the focus thus far globally has been on genotype 1. The aim of this study is to determine
the prevalence of natural polymorphisms conferring resistance to NS3/4A protease inhibitors
and NS5B polymerase inhibitors in treatment-naïve HIV/HCV co-infected patients in China
across a broad spectrum of HCV genotypes.
Material and Methods
Patient selection
Plasma samples for NS3/4A sequencing were obtained from 826 HIV/HCV co-infected
patients recruited between 2004 and 2013 from Beijing, Chongqing, Fujian, Guangdong,
Guangxi, Heilongjiang, Henan, Hunan, Shaanxi, Xinjiang, Yunnan, and Zhejiang provinces.
All patients had never received antiretroviral treatment or any HCV treatment. Demographic
information was obtained at patient enrollment and extracted through chart review. Patients
provided signed written informed consent prior to study participation. IRB approval was
granted by the Guangdong Provincial Skin Diseases and STI Control Center Ethical Review
Committee project number 57832455.
HCV genotyping
HCV genotype and subtype were determined by RT-PCR and sequencing of the HCV core
region. A subset of patients was sequenced using both HCV core and NS5B regions. Consensus
sequences of the forward and reverse strands were used. Sequences obtained were compared
against the Los Alamos HCV database [16]; reference sequences can be found in S1 Table.
Genotype and subtype were then confirmed by phylogenetic tree reconstruction (see Fig 1) in
MEGA v5.05 [17] using the neighbor joining method with the Kimura-2 parameter model. A
gamma parameter of 0.5 was used to model differences in substitution rates among base sites.
Branch support was assessed by bootstrap analysis with 1000 replicates.
Sequencing of NS3/4A protease region
HCV RNA was extracted from serum with Viral RNAMini Kit (Qiagen, USA), collected from
the spin columns, and eluted with 60μl AVE buffer to obtain 55μl of virus RNA. Complemen-
tary DNA was then amplified based on viral template using M-MLV First-Strand Kit RT-PCR
(Invitrogen, China). Because HCV has a very high frequency of variation in the region of NS3
gene, we designed genotype-specific primers to amplify the part of HCV NS3 containing
potential DAA resistant mutations (primers are available in S2 Table). Primers were employed
in nested PCR (Ex Taq DNA Polymerase, Takara, Japan) to target the NS3/4A protease-coding
region. Sequences were obtained as a consensus of the forward and reverse strands. The condi-
tions for the first round of nested PCR include: an initial denaturing step at 94°C for 4 minutes,
followed by 30 cycles of a denaturing step at 94°C for 10 seconds, an annealing step at 55°C for
30 seconds, an extension step at 72°C for 2 minutes, and then followed by a final extension at
72°C for 10 minutes. Products of first round PCR then underwent second round processing
consisting of the steps of 1st PCR but with an annealing temperature decrease to 50°C. The
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final PCR product was detected by agarose gel (1.5%) electrophoresis and sent to sequence
directly by ABI 3730XL automated sequencer using BigDye terminators (Applied Biosystems,
Foster City, California, USA) by Invitrogen™ CO., Ltd (Guangzhou, China). A proportion of
samples could not be sequenced due to quality of the sample and low viral load.
Fig 1. Phylogenetic tree.Neighbor-joining tree representing the relationship of all sequences with reference
sequences. Solid circle (●) marks different subtype identified reference. Bootstrap analysis was performed with 1000
replicates and only bootstrap values70% are shown at the corresponding nodes. Reference sequences: Genotype 1a
(AF511950, NC004102, M67463); 1b (AY587016, D11355, EF032892); 2a (AY746460, D00944, AB047639); 3a
(NC009824, AF046866, X76918); 3b (D49374); 6a (DQ480513, AY859526, Y12083); 6u (EU408332, EU408331,
EU408330); 6n (EU246937, EU246938, AY878652).
doi:10.1371/journal.pone.0157438.g001
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Analysis of resistance-associated variants
NS3 sequences were aligned using BioEdit v7.0 [18]. Sequences for genotype 1a (Genbank
accession number: AF009606), 1b (AJ238799) and 2a (AF177036) were aligned with ClustalW
[19] according to reference sequences recommended by HCV-DrAG [20]. All other genotypes
were aligned to the genotype 1a H77 reference sequence due to lack of established reference
sequences. Insertions and deletions present were manually validated. The accession numbers
for sequences submitted to Genbank are KT162143-KT162915. Variants were manually identi-
fied at positions reported to confer resistance to HCV protease inhibitors: 36, 41, 43, 54, 55, 80,
109, 155, 156, 168 and 170 [12, 21]. Association with phenotypic resistance and fold-change
resistance data to approved DAAs and those in clinical trials were obtained from the literature
[21, 22]. While there is no established cut-off between high-level and low-level RAVs, we used
an EC50> 10 to define a high-level RAV consistent with previously published literature [12].
In patients with NS5B sequencing, four positions reported to confer resistance to NS5B poly-
merase inhibitors could be identified in the region sequenced for genotyping (nucleotides
7935–8505): L159, S282, C316, and V321. Variants were similarly manually identified in these
sequences.
Molecular modeling
Crystal structure of simeprevir bound to HCV protease was obtained from the Protein Data
Bank (PDB code 3KEE) in Swiss-model platform [23]. DeepView v4.1 was used for analysis of
the Q80K variant and construction of a three-dimensional structure [24].
Results
Patient characteristics
The breakdown of genotypes in our study included 204 (25%) with genotype 1a/b, 25 (3%)
with genotype 2a, 253 (31%) with genotype 3a/b and 344 (42%) with genotype 6a/n/u/v (see
Table 1). Men comprised roughly two-thirds of the total population (76%). The majority of
patients were young, between 30 and 40, with only 5% of patients older than 50 years of age.
Intravenous drug use was the primary identified risk factor for transmission in 69% of patients
and represented the majority of patients in genotypes 1, 3 and 6. Genotype 2 patients differed
from other genotypes in blood transfusions as the dominant route of transmission, older age
and a higher proportion of women. Clinical characteristics among the genotypes were similar
with an overall median CD4 count of 126, median ALT of 38 units/liter (normal 7–56), median
AST of 35 units/liter (normal 10–40), and log10 HCV RNAmedian of 6.1 copies/uL. The low
median CD4 count reflects a high level of pre-antiretroviral therapy immunosuppression in
our cohort.
Rates of natural polymorphisms conferring NS3/4A protease inhibitor
resistance
The NS3 region was adequately sequenced for 778 out of 826 patients: genotype 1 (193 of
204), genotype 2 (23 of 25), genotype 3 (237 of 253) and genotype 6 (325 of 344). Naturally
occurring RAVs associated with PI resistance were found in all genotypes under study (see
Table 2). 81.2% (632/778) of all sequences harbored at least one RAV. One or more RAVs
were found in 3.6% (1/28) of genotype 1a, 3.6% (6/165) of genotype 1b, 100% (23/23) of geno-
type 2a, 100% (125/125) of genotype 3a, 100% (112/112) of genotype 3b, 98.7% (299/303) of
genotype 6a, and none (0/22) of genotype 6n/u/v sequences. Variants existing in combination
were present in 100% of genotype 3a (V36L + Q80R + D168Q (1); V36L + A156G + D168Q
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(1); V36L + D168Q (123)) and 3b sequences (V36L + T54S + D168Q (2); V36L + D168Q
(110)) and 2.3% of genotype 6a sequences (Q80K + 168E (4); Q80K + I132V (3)). A number
of amino acid variants not associated with resistance at positions Q80, I132, and V170 were
detected for all genotypes.
Positions of NS3/4A resistance-associated variants and correlation with
phenotypic resistance data
The V36A variant conferring a 7.4-fold increase in EC50 with telaprevir use was detected in
only one patient with genotype 1a. V36L, also associated with low-level telaprevir resistance,
was present in all genotype 2a, 3a, and 3b sequences. Four patients with genotype 1b and two
patients with genotype 3b harbored the T54S variant, which confers low-level resistance to
both first generation PIs telaprevir and boceprevir. The Q80K variant with reduced susceptibil-
ity to second-generation drug simeprevir was present in 98.4% of genotype 6a sequences. The
increase in EC50 for Q80K as demonstrated in genotype 1 replicons is 7.8. A much less com-
mon variant conferring low-level resistance to simeprevir, Q80R, appeared in genotypes 1b, 3a
and 6a. I132V, a low-level RAV that affects telaprevir response in the genotype 1a replicon but
not genotype 1b, was observed in 3 patients with genotype 6a.
Table 1. Demographic and clinical characteristics of all patients separated by genotype.
Characteristic Total n = 826 Genotype 1 n = 204 Genotype 2 n = 25 Genotype 3 n = 253 Genotype 6 n = 344
Subtype
a 33 (16%) 25 (100%) 124 (49%) 321 (93%)
b 171 (84%) -- 129 (51%) --
n -- -- -- 19 (6%)
v -- -- -- 3 (1%)
u -- -- -- 1 (0%)
Gender
Male 631 (76%) 154 (75%) 15 (60%) 198 (78%) 264 (77%)
Female 194 (24%) 50 (25%) 10 (40%) 55 (22%) 79 (23%)
Age
<30 84 (10%) 24 (12%) 0 (0%) 29 (11%) 31 (9%)
30–40 420 (51%) 103 (51%) 10 (40%) 138 (54%) 169 (49%)
40–50 275 (33%) 66 (33%) 9 (36%) 76 (30%) 124 (36%)
>50 45 (5%) 10 (5%) 6 (24%) 10 (4%) 19 (6%)
Route of Transmission
Sexual 178 (22%) 39 (19%) 4 (16%) 52 (21%) 83 (24%)
Blood 58 (7%) 35 (17%) 14 (56%) 3 (1%) 6 (2%)
IVDU 566 (69%) 118 (58%) 5 (20%) 191 (75%) 252 (73%)
Unknown 22 (3%) 11 (5%) 2 (8%) 7 (3%) 2 (1%)
Median CD4 count*
(range)
126 (31–241) 103 (24–211) 198 (121–338) 150 (42–254) 115.5 (30–237)
Median ALT 38 (27–60) 38.5 (27–67) 30 (24–41) 38 (26–61) 37.5 (27–57)
Median AST 35 (20–58) 36 (20–63) 21 (15–37) 33 (20–50) 34 (20–58)
Median Log10 HCV
RNA
6.1 (5.5–6.6) 6.2 (5.6–6.7) 6.1 (5.5–6.6) 5.9 (5.4–6.4) 6.3 (5.7–6.8)
CD4 count expressed as cells/uL (n = 813); ALT = alanine aminotransferase (units/L) (n = 561); AST = aspartate aminotransferase (units/L) (n = 561);
HCV RNA expressed as IU/mL (n = 415)
*Obtained at time of enrollment in study
doi:10.1371/journal.pone.0157438.t001
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High-level RAVs other than D168Q were rare, occurring only in 6 (0.8%) patients. Five
patients, including one genotype 1b patient and four genotype 6a patients, carried the D168E
variant. One genotype 3a patient carried A156G. Both D168E and A156G confer high-level
resistance to simeprevir with a respective 38- and 19-fold decreased susceptibility. D168Q con-
fers a fold change in EC50 of>700 [25] and is found in all genotype 3 sequences in our cohort.
Notably, we did not detect the R155K variant implicated in high-level resistance to all protease
inhibitors in any sequence.
Rates of natural polymorphisms conferring NS5B polymerase inhibitor
resistance
The NS5B region was sequenced in 350 of 778 sequences. All sequences were obtained from
the Guangdong province of China. Naturally occurring RAVs associated with NS5B resistance
were found in several genotypes (see Table 3). 20.6% (72/350) of all sequences harbored at least
one RAV. One or more RAVs were found in 92.8% (64/69) of genotype 1b, 5.1% (2/39) of
genotype 3a, 4% (1/25) of genotype 3b, 2.5% (5/201) of genotype 6a, and none of genotype 1a/
2a/6n sequences. Only one sequence with genotype 3a carried two RAVs.
Positions of NS5B resistance-associated variants and correlation with
phenotypic resistance data
Sixty-four patients with genotype 1b, one patient with genotype 3a, and one patient with geno-
type 6a harbored the C316N variant, which confers low-level resistance to dasabuvir [26] and
has been implicated in reduced response rates to sofosbuvir [27]. Two other variants identified
—the V321F variant in two patients with genotype 3a and the C316W variant in one patient
with genotype 3b –are not associated with phenotypic resistance. No sequence contained at
baseline the S282T RAV associated with sofosbuvir resistance in clinical trials [28].
Table 2. Summary of NS3 protease region resistance-associated variants by genotype.
Residue V36 Q41 F43 T54 V55 Q80 R109 I132 R155 A156 D168 V170
Genotype
1a (n = 28) 36A (1) 170I (28)
1b (n = 165) 41H (1) 54S (4) 80R(1)
80L (1)
80E (3)
132V (79)+
132L (2)
168E (1) 170I (75)
2a (n = 23) 36L (23) 80G (23) 132L (23) 170I (23)
3a (n = 125) 36L (125) 80R (0.5)* 132L (125) 156G (1) 168Q (125) 170I (120)
3b (n = 112) 36L (112) 54S (2) 132L (112) 168Q (112) 170I (112)
6a (n = 303) 36I (1) 80R (1)
80K (298)
132V (3) 168E (4) 170I (303)
6n (n = 19)
6u (n = 1) 132L (1)
6v (n = 2) 132L (2)
*Nucleic acid ambiguity resulting in two possible amino acid conversions, one WT and one mutated, thus characterized as 0.5
+Considered significant RAV in genotype 1a replicon only; wild-type in genotype 1b replicon
Variants in bold lettering have been shown to have resistance to NS3 protease inhibitors in vitro and in vivo; only these variants were included in
calculation of RAV prevalence for each genotype
Variants without bold lettering are present at residues implicated in resistance, but amino acid change not known to confer resistance
doi:10.1371/journal.pone.0157438.t002
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Discussion
Drug resistance is a major public health threat. Better understanding variants conferring resis-
tance to direct acting antivirals (DAAs) among HCV-infected individuals has important impli-
cations for expanding HCV programs worldwide. Our data suggest substantial variation by
genotype in the frequency and diversity of natural polymorphisms conferring resistance to
NS3/4A protease inhibitors and NS5B polymerase inhibitors in Chinese patients with HIV/
HCV co-infection. While baseline resistance analysis on non-genotype 1 sequences is available
[29–31], we expand upon this literature with a greater number of individuals with genotypes 3
and 6. Our data also extend the limited literature from China [32]. The high degree of genetic
variability amongst HCV genotypes and subtypes has clearly been shown to impact treatment
outcomes with DAAs. A deeper understanding of these genetic disparities will assist in achiev-
ing superior viral suppression with new and upcoming treatment modalities.
We report the presence of the Q80K variant, associated with decreased response to simepre-
vir in genotype 1a patients, in the majority of individuals with genotype 6a. Endemic to South-
east Asia, genotype 6a is the second most common genotype behind genotype 1b in Southern
China [33]. Liu et al. reported similar findings with variant Q80K present in 95% of mono-
infected HCV patients in their patients with genotype 6a [32]. The importance of this RAV,
seen in 48.1% of genotype 1a patients in North America [34], lies in its influence on clinical
response to simeprevir in patients with genotype 1a. Response to simeprevir in patients with
the Q80K variant was not statistically significant compared to placebo in the QUEST-1/
QUEST-2 trials [35]. A pooled 58.3% of patients with the Q80K variant attained sustained viro-
logic response with simeprevir compared to 83.6% without [35]. The effect of Q80K, however,
does not appear to be class-specific given equivalent response to macrocyclic PI faldaprevir
[36]. The theory behind decreased efficacy of simeprevir in the presence of Q80K is related to
the direct contact between Q80K and R155, which participates in the formation of a salt bridge
with residue D168. The disruption of this R155-D168 salt bridge by the Q80K variant leads to a
weakened interaction between the protease and the inhibitor and subsequently decreased sus-
ceptibility [37]. Our modeling of the Q80K variant in genotype 6a reveals the same structural
changes that occur in genotype 1a (Fig 2), which suggests that genotype 6a patients may also
have decreased response to simeprevir. However, a phase IIa open-label study on simeprevir
monotherapy demonstrated potent antiviral activity against a small cohort of genotype 6
patients, although pretreatment Q80K was present in only one patient [25]. The same study
found potent antiviral activity in genotype 4 patients, corroborated by preliminary results from
Table 3. Summary of NS5B polymerase region resistance-associated variants by genotype.
Residue L159 S282 C316 V321
Genotype
1a (n = 10)
1b (n = 69) C316N (64)
2a (n = 4)
3a (n = 39) C316N (1) V321F (1)
3b (n = 25) C316W (1)
6a (n = 201) C316N (5)
6n (n = 2)
Variants in bold lettering have been shown to have resistance to NS3 protease inhibitors in vitro and in vivo; only these variants were included in
calculation of RAV prevalence for each genotype
Variants without bold lettering are present at residues implicated in resistance, but amino acid change not known to confer resistance
doi:10.1371/journal.pone.0157438.t003
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a Phase III trial in genotype 4 patients demonstrating excellent response to simeprevir in com-
bination with peg-interferon and ribavirin, although with higher SVR rates seen in treatment-
naïve and relapsed patients than non-responders [38]. These findings lend credence to study-
ing the use of simeprevir in genotype 6 as well. The recent creation of a hepatitis C replicon
encoding a genotype-6a NS3 protease should also facilitate phenotypic resistance testing and
clarify impact of the Q80K variant [39].
Our data suggest a low frequency and diversity of natural polymorphisms conferring PI
resistance in genotype 1a individuals, which contrast with other literature demonstrating up to
29% prevalence (S3 Table). However, our overall RAV rate of 3.6% is consistent with rates
reported in a recent review article of 0.1% to 3.1% [40]. Only one clinically significant variant
(V36A) was detected in genotype 1a compared to results from resistance studies on clinical
trial patients showing a much higher number and variety of RAVs in 1a patients [41–43]. An
additional distinction in our genotype 1 population was the absence of the Q80K variant in
genotype 1a sequences. The idea of two distinct clades of subtype 1a has been proposed due to
the much lower prevalence of the Q80K variant in Europe compared to North America [44]. A
recent study from Brazil also did not detect Q80K in a large sample of genotype 1a patients
[45], suggesting the potential for additional clades. In general, studies worldwide on PI resis-
tance differ with respect to number and type of variants studied, prior HCV treatment status
and presence of HIV co-infection, leading to limited conclusions on regional differences in
resistance patterns.
We identified the NS5B polymerase inhibitor variant C316N in the majority of genotype 1b
patients at baseline. While NS5B resistance has been rare in clinical trials, the C316N variant
has been identified as a baseline polymorphism associated with sofosbuvir resistance in geno-
type 1b patients (4 of 6 patients also had the L159F variant) [27]. In phase 3 trials with sofosbu-
vir, genotype 1b patients (82%) also had lower SVR rates than genotype 1a (92%) [46]. A
proposed mechanism based on structural modeling is a bulkier polymerase structure involving
C316N in 1b patients that may interfere with sofosbuvir binding [27]. Our results are
Fig 2. Comparison of crystal structures of NS3 protease with and without the Q80K variant
complexing with TMC-435350 (Simeprevir). Similar changes in structure are seen in both genotype 1a and
genotype 6a. NS3 protease is shown as light blue ribbon. Yellow structure represents simeprevir (TMC-
435350). Residues pictured are as follows: gray (Q80), blue (R155) and red (D168).
doi:10.1371/journal.pone.0157438.g002
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consistent with findings in Chinese genotype 1b HCV mono-infected patients in which the
C316N RAV was found in 85.6% (137/160) of sequences[47]. These results taken together sug-
gest DAA regimens without sofosbuvir may be preferable in Chinese genotype 1b patients with
and without co-infection. Our study was limited to detecting 4 of 12 known NS5B RAVs. Dedi-
cated study of NS5B polymerase inhibitor resistance in co-infection will be an important area
for future research.
Other than the previously described D168Q variant leading to simeprevir non-response in
all patients with genotype 3 [25], few high-level RAVs were found (D168E, D168Q and
A156G), and all confer resistance to simeprevir only. Few studies on PI resistance have
included a substantial number of genotype 3b patients, and interestingly we found the presence
of the D168Q variant in all 112 patients. The systematic presence of this variant in genotype 3
confers complete non-response to the macrocyclic protease inhibitor simeprevir, related to
structural changes that constrain proper binding [25]. Correspondingly, all genotype 3 patients
demonstrate no response to simeprevir use in vivo [25]. These findings suggest that primary PI
resistance, other than to simeprevir for genotype 3 patients, would be limited in China.
The influence of HIV co-infection on the presence of baseline HCV variants was not
addressed in our study but warrants discussion. Rates of RAVs to PIs have been previously
established to be largely comparable in HIV/HCV co-infection regardless of HIV treatment
status [31, 45, 48]. Furthermore, co-infected patients exposed to an HIV regimen including a
protease inhibitor also did not exhibit higher RAV rates [49–51]. Of note is a small study on
co-infected patients reporting sites of primary resistance to first-generation HCV PIs in two
patients on PI-containing HIV therapy [52], raising the concern of selective pressure. While
larger studies are merited, these findings suggest that from a resistance standpoint HIV co-
infection may not be an additional hindrance to HCV treatment options. A further limitation
in our study is the application of resistance data from genotype 1 to other genotypes, and accu-
rate conclusions on phenotypic or clinical resistance cannot be made. The ongoing creation of
non-genotype 1 replicons and ensuing results from phenotypic experiments will inform future
resistance studies. Lastly, our use of population sequencing does not provide as complete a pic-
ture of the HCV viral quasispecies population as can now be characterized using next genera-
tion sequencing. Due to the limitations of our sequencing method, it is possible that sequences
harboring high-level RAVs in our patients escaped detection and have the potential to become
the dominant population under selective pressure from treatment. As such, we may be under-
estimating the true prevalence of high-level RAVs. The rapidly increasing application of next
generation sequencing will be paramount to the understanding of HCV resistant variant
dynamics prior to, during and after treatment with DAAs and an area for future study.
In summary, we report an overall 72.8% prevalence of preexisting resistance-associated vari-
ants to NS3/4A protease inhibitors and 20.6% to NS5B polymerase inhibitors in a large cohort
of treatment-naïve HIV/HCV co-infected patients from China. Few sequences (0.8%) harbored
high-level RAVs capable of causing primary DAA resistance. The Q80K variant associated
with decreased efficacy of simeprevir was nearly universally present in patients with genotype
6a. Similarly nearly all genotype 1b patients harbored the C316N variant associated with
decreased response to sofosbuvir. Clinical trials with these DAAs will be necessary prior to
implementation in China. Further phenotypic studies and clinical research on a broad spec-
trum of genotypes as well as patients co-infected with HIV are still needed.
Supporting Information
S1 Table. Reference sequences used for HCV genotyping and subtyping.
(DOCX)
Resistance to Direct Acting Agents in HIV/HCV Co-Infection
PLOS ONE | DOI:10.1371/journal.pone.0157438 June 24, 2016 10 / 14
S2 Table. HCV primers for NS3/4A region by genotype.
(DOCX)
S3 Table. Comparison of previously published literature on prevalence of NS3 protease
inhibitors baseline RAVs in HCVmono-infected and HIV/HCV co-infected populations.
(DOCX)
Acknowledgments
This work was supported by the Chinese National Key Technologies Research and Develop-
ment Program for the 12th Five-year Plan [2012 ZX 10001003–003]; the People's Livelihood
Science and Technology Program from Science and Information Technology of Guangzhou
[Grant No. 201300000092]; and the National Institutes of Health [FIC R25TW0093]. The
authors would like to acknowledge Dr. David McGivern and Dr. Stanley M. Lemon at the Uni-
versity of North Carolina—Chapel Hill for their contributions to editing. We would also like to
thank Dr. Jun Liu at Sun-Yat Sen University for his assistance with molecular modeling.
Author Contributions
Conceived and designed the experiments: KZ ZL CW FH JTWC. Performed the experiments:
ZL FH CN YL. Analyzed the data: KZ ZL CW CN. Contributed reagents/materials/analysis
tools: FHWC. Wrote the paper: KZ ZL CW FH CN YL XT JTWC.
References
1. Hagan LM, Schinazi RF. Best strategies for global HCV eradication. Liver international: official journal
of the International Association for the Study of the Liver. 2013; 33 Suppl 1:68–79. Epub 2013/01/11.
doi: 10.1111/liv.12063 PMID: 23286849; PubMed Central PMCID: PMC4110680.
2. Bao YP, Liu ZM. Systematic review of HIV and HCV infection among drug users in China. International
journal of STD & AIDS. 2009; 20(6):399–405. Epub 2009/05/20. doi: 10.1258/ijsa.2008.008362 PMID:
19451325.
3. Grebely J, Raffa JD, Lai C, Krajden M, Kerr T, Fischer B, et al. Low uptake of treatment for hepatitis C
virus infection in a large community-based study of inner city residents. Journal of viral hepatitis. 2009;
16(5):352–8. Epub 2009/02/20. doi: 10.1111/j.1365-2893.2009.01080.x PMID: 19226330.
4. Weber R, Sabin CA, Friis-Moller N, Reiss P, El-Sadr WM, Kirk O, et al. Liver-related deaths in persons
infected with the human immunodeficiency virus: the D:A:D study. Archives of internal medicine. 2006;
166(15):1632–41. Epub 2006/08/16. doi: 10.1001/archinte.166.15.1632 PMID: 16908797.
5. van der Meer AJ, Veldt BJ, Feld JJ, Wedemeyer H, Dufour JF, Lammert F, et al. Association between
sustained virological response and all-cause mortality among patients with chronic hepatitis C and
advanced hepatic fibrosis. Jama. 2012; 308(24):2584–93. Epub 2012/12/27. doi: 10.1001/jama.2012.
144878 PMID: 23268517.
6. Feeney ER, Chung RT. Antiviral treatment of hepatitis C. Bmj. 2014; 348:g3308. Epub 2014/07/09. doi:
10.1136/bmj.g3308 PMID: 25002352.
7. Molina JM, Orkin C, Iser DM, Zamora FX, Nelson M, Stephan C, et al. Sofosbuvir plus ribavirin for treat-
ment of hepatitis C virus in patients co-infected with HIV (PHOTON-2): a multicentre, open-label, non-
randomised, phase 3 study. Lancet. 2015; 385(9973):1098–106. Epub 2015/02/11.
8. Duan Z, Jia JD, Hou J, Lou L, Tobias H, Xu XY, et al. Current challenges and the management of
chronic hepatitis C in mainland China. Journal of clinical gastroenterology. 2014; 48(8):679–86. Epub
2014/06/13. doi: 10.1097/MCG.0000000000000109 PMID: 24921215; PubMed Central PMCID:
PMC4162325.
9. Garten RJ, Zhang J, Lai S, Liu W, Chen J, Yu XF. Coinfection with HIV and hepatitis C virus among
injection drug users in southern China. Clinical infectious diseases: an official publication of the Infec-
tious Diseases Society of America. 2005; 41 Suppl 1:S18–24. Epub 2005/11/03. doi: 10.1086/429491
PMID: 16265609.
10. Chao DT, Abe K, Nguyen MH. Systematic review: epidemiology of hepatitis C genotype 6 and its man-
agement. Alimentary pharmacology & therapeutics. 2011; 34(3):286–96. Epub 2011/06/01. doi: 10.
1111/j.1365-2036.2011.04714.x PMID: 21623850.
Resistance to Direct Acting Agents in HIV/HCV Co-Infection
PLOS ONE | DOI:10.1371/journal.pone.0157438 June 24, 2016 11 / 14
11. Domingo E, Gomez J. Quasispecies and its impact on viral hepatitis. Virus research. 2007; 127
(2):131–50. Epub 2007/03/14. doi: 10.1016/j.virusres.2007.02.001 PMID: 17349710.
12. Halfon P, Locarnini S. Hepatitis C virus resistance to protease inhibitors. Journal of hepatology. 2011;
55(1):192–206. Epub 2011/02/03. doi: 10.1016/j.jhep.2011.01.011 PMID: 21284949.
13. DeMeyer S, Dierynck I, Ghys A, Beumont M, Daems B, Van Baelen B, et al. Characterization of tela-
previr treatment outcomes and resistance in patients with prior treatment failure: results from the REAL-
IZE trial. Hepatology. 2012; 56(6):2106–15. Epub 2012/07/19. doi: 10.1002/hep.25962 PMID:
22806681.
14. Sarrazin C, Kieffer TL, Bartels D, Hanzelka B, Muh U, Welker M, et al. Dynamic hepatitis C virus geno-
typic and phenotypic changes in patients treated with the protease inhibitor telaprevir. Gastroenterol-
ogy. 2007; 132(5):1767–77. Epub 2007/05/09. doi: 10.1053/j.gastro.2007.02.037 PMID: 17484874.
15. Kim AY, Timm J, Nolan BE, Reyor LL, Kane K, Berical AC, et al. Temporal dynamics of a predominant
protease inhibitor-resistance mutation in a treatment-naive, hepatitis C virus-infected individual. The
Journal of infectious diseases. 2009; 199(5):737–41. Epub 2009/02/10. doi: 10.1086/596657 PMID:
19199553; PubMed Central PMCID: PMC2653266.
16. Kuiken C, Yusim K, Boykin L, Richardson R. The Los Alamos hepatitis C sequence database. Bioinfor-
matics. 2005; 21(3):379–84. Epub 2004/09/21. doi: 10.1093/bioinformatics/bth485 PMID: 15377502.
17. Tamura K PD, Peterson N, Stecher G, Nei M, and Kumar S. MEGA5: Molecular Evolutionary Genetics
Analysis using Maximum Likelihood, Evolutionary Distance, and Maximum Parsimony Methods. Molec-
ular Biology and Evolution. 2011; 28:2731–9. doi: 10.1093/molbev/msr121 PMID: 21546353
18. Hall TA. BioEdit: a user-friendly biological sequence alignment editor and analysis program for Win-
dows 95/98/NT. Nucleic Acids Symposium Series. 1999; 41:95–8.
19. Larkin MA, Blackshields G, Brown NP, Chenna R, McGettigan PA, McWilliam H, et al. Clustal W and
Clustal X version 2.0. Bioinformatics. 2007; 23(21):2947–8. Epub 2007/09/12. doi: 10.1093/
bioinformatics/btm404 PMID: 17846036.
20. Kwong AD, Najera I, Bechtel J, Bowden S, Fitzgibbon J, Harrington P, et al. Sequence and phenotypic
analysis for resistance monitoring in hepatitis C virus drug development: recommendations from the
HCV DRAG. Gastroenterology. 2011; 140(3):755–60. Epub 2011/01/25. doi: 10.1053/j.gastro.2011.01.
029 PMID: 21255574.
21. PHENOTYPEWORKING GROUPH, DRUGDEVELOPMENT ADVISORYGROUP, H. Clinically Rel-
evant HCV Drug Resistance Mutations Figure and Tables (Updated). Annals of the Forum for Collabo-
rative HIV Research. 2012; 14(2):1–10.
22. Lenz O, Verbinnen T, Lin TI, Vijgen L, Cummings MD, Lindberg J, et al. In vitro resistance profile of the
hepatitis C virus NS3/4A protease inhibitor TMC435. Antimicrobial agents and chemotherapy. 2010; 54
(5):1878–87. Epub 2010/02/24. doi: 10.1128/AAC.01452-09 PMID: 20176898; PubMed Central
PMCID: PMC2863659.
23. Arnold K, Bordoli L, Kopp J, Schwede T. The SWISS-MODEL workspace: a web-based environment
for protein structure homology modelling. Bioinformatics. 2006; 22(2):195–201. Epub 2005/11/23. doi:
10.1093/bioinformatics/bti770 PMID: 16301204.
24. Guex N, Peitsch MC, Schwede T. Automated comparative protein structure modeling with SWISS-
MODEL and Swiss-PdbViewer: a historical perspective. Electrophoresis. 2009; 30 Suppl 1:S162–73.
Epub 2009/06/12. doi: 10.1002/elps.200900140 PMID: 19517507.
25. Lenz O, Vijgen L, Berke JM, Cummings MD, Fevery B, Peeters M, et al. Virologic response and charac-
terisation of HCV genotype 2–6 in patients receiving TMC435 monotherapy (study TMC435-C202).
Journal of hepatology. 2013; 58(3):445–51. Epub 2012/11/13.
26. Kati W, Koev G, Irvin M, Beyer J, Liu Y, Krishnan P, et al. In vitro activity and resistance profile of dasa-
buvir, a nonnucleoside hepatitis C virus polymerase inhibitor. Antimicrobial agents and chemotherapy.
2015; 59(3):1505–11. doi: 10.1128/AAC.04619-14 PMID: 25534735; PubMed Central PMCID:
PMCPMC4325770.
27. Donaldson EF, Harrington PR, O'Rear JJ, Naeger LK. Clinical evidence and bioinformatics characteri-
zation of potential hepatitis C virus resistance pathways for sofosbuvir. Hepatology. 2015; 61(1):56–65.
doi: 10.1002/hep.27375 PMID: 25123381.
28. Hedskog C, Dvory-Sobol H, Gontcharova V, Martin R, OuyangW, Han B, et al. Evolution of the HCV
viral population from a patient with S282T detected at relapse after sofosbuvir monotherapy. Journal of
viral hepatitis. 2015; 22(11):871–81. doi: 10.1111/jvh.12405 PMID: 25784085.
29. Palanisamy N, Danielsson A, Kokkula C, Yin H, Bondeson K, Wesslen L, et al. Implications of baseline
polymorphisms for potential resistance to NS3 protease inhibitors in Hepatitis C virus genotypes 1a, 2b
and 3a. Antiviral research. 2013; 99(1):12–7. Epub 2013/05/08. doi: 10.1016/j.antiviral.2013.04.018
PMID: 23648709.
Resistance to Direct Acting Agents in HIV/HCV Co-Infection
PLOS ONE | DOI:10.1371/journal.pone.0157438 June 24, 2016 12 / 14
30. Vallet S, Viron F, Henquell C, Le Guillou-Guillemette H, Lagathu G, Abravanel F, et al. NS3 protease
polymorphism and natural resistance to protease inhibitors in French patients infected with HCV geno-
types 1–5. Antiviral therapy. 2011; 16(7):1093–102. Epub 2011/10/26. doi: 10.3851/IMP1900 PMID:
22024525.
31. Paolucci S, Fiorina L, Piralla A, Gulminetti R, Novati S, Barbarini G, et al. Naturally occurring mutations
to HCV protease inhibitors in treatment-naive patients. Virology journal. 2012; 9:245. Epub 2012/10/26.
doi: 10.1186/1743-422X-9-245 PMID: 23095680; PubMed Central PMCID: PMC3493344.
32. Liu Y, Cai Q, Li Z, Shao X, Luo Q, Zhang X, et al. Effect of drug-resistance mutations on antiviral agents
in HCV patients. Antiviral therapy. 2014. Epub 2014/09/16. doi: 10.3851/IMP2852 PMID: 25222865.
33. Lu L, Nakano T, He Y, Fu Y, Hagedorn CH, Robertson BH. Hepatitis C virus genotype distribution in
China: predominance of closely related subtype 1b isolates and existence of new genotype 6 variants.
Journal of medical virology. 2005; 75(4):538–49. Epub 2005/02/17. doi: 10.1002/jmv.20307 PMID:
15714489.
34. Lenz O, Verbinnen T, Fevery B, Tambuyzer L, Vijgen L, Peeters M, et al. Virology analyses of HCV iso-
lates from genotype 1-infected patients treated with simeprevir plus peginterferon/ribavirin in Phase IIb/
III studies. Journal of hepatology. 2014. Epub 2014/12/03. doi: 10.1016/j.jhep.2014.11.032 PMID:
25445400.
35. Jacobson IM, Dore GJ, Foster GR, Fried MW, Radu M, Rafalsky VV, et al. Simeprevir with pegylated
interferon alfa 2a plus ribavirin in treatment-naive patients with chronic hepatitis C virus genotype 1
infection (QUEST-1): a phase 3, randomised, double-blind, placebo-controlled trial. Lancet. 2014; 384
(9941):403–13. Epub 2014/06/08.
36. Berger KL, Triki I, Cartier M, Marquis M, Massariol MJ, Bocher WO, et al. Baseline hepatitis C virus
(HCV) NS3 polymorphisms and their impact on treatment response in clinical studies of the HCV NS3
protease inhibitor faldaprevir. Antimicrobial agents and chemotherapy. 2014; 58(2):698–705. Epub
2013/11/13. doi: 10.1128/AAC.01976-13 PMID: 24217701; PubMed Central PMCID: PMC3910880.
37. Bae A, Sun SC, Qi X, Chen X, Ku K, Worth A, et al. Susceptibility of treatment-naive hepatitis C virus
(HCV) clinical isolates to HCV protease inhibitors. Antimicrobial agents and chemotherapy. 2010; 54
(12):5288–97. Epub 2010/09/22. doi: 10.1128/AAC.00777-10 PMID: 20855726; PubMed Central
PMCID: PMC2981235.
38. Moreno C HC, Marcellin P et al., editor Once-daily simeprevir (TMC435) with PEGinterferon/ribavirin in
treatment-naive or treatment-experienced chronic HCV genotype-4 infected patients: SVR12 results of
a Phase III trial. The European Association for the Study of the Liver (EASL) Meeting 2014 London, UK.
39. Aloia AL, Eyre NS, Black S, Bent SJ, Gaeguta A, Guo Z, et al. Generation of a chimeric hepatitis C repli-
con encoding a genotype-6a NS3 protease and assessment of boceprevir (SCH503034) sensitivity
and drug-associated mutations. Antiviral therapy. 2014. Epub 2014/09/16.
40. Sarrazin C. The importance of resistance to direct antiviral drugs in HCV infection in clinical practice.
Journal of hepatology. 2016; 64(2):486–504. doi: 10.1016/j.jhep.2015.09.011 PMID: 26409317.
41. Kuntzen T, Timm J, Berical A, Lennon N, Berlin AM, Young SK, et al. Naturally occurring dominant
resistance mutations to hepatitis C virus protease and polymerase inhibitors in treatment-naive
patients. Hepatology. 2008; 48(6):1769–78. Epub 2008/11/26. doi: 10.1002/hep.22549 PMID:
19026009; PubMed Central PMCID: PMC2645896.
42. Bartels DJ, Sullivan JC, Zhang EZ, Tigges AM, Dorrian JL, De Meyer S, et al. Hepatitis C virus variants
with decreased sensitivity to direct-acting antivirals (DAAs) were rarely observed in DAA-naive patients
prior to treatment. Journal of virology. 2013; 87(3):1544–53. Epub 2012/11/16. doi: 10.1128/JVI.02294-
12 PMID: 23152524; PubMed Central PMCID: PMC3554180.
43. Bartels DJ, Zhou Y, Zhang EZ, Marcial M, Byrn RA, Pfeiffer T, et al. Natural prevalence of hepatitis C
virus variants with decreased sensitivity to NS3.4A protease inhibitors in treatment-naive subjects. The
Journal of infectious diseases. 2008; 198(6):800–7. Epub 2008/07/22. doi: 10.1086/591141 PMID:
18637752.
44. Pickett BE, Striker R, Lefkowitz EJ. Evidence for separation of HCV subtype 1a into two distinct clades.
Journal of viral hepatitis. 2011; 18(9):608–18. Epub 2010/06/23. doi: 10.1111/j.1365-2893.2010.01342.
x PMID: 20565573; PubMed Central PMCID: PMC2964416.
45. Lisboa-Neto G, Noble CF, Pinho JR, Malta FM, Gomes-Gouvea MS, Alvarado-Mora MV, et al. Resis-
tance mutations are rare among protease inhibitor treatment-naive hepatitis C genotype 1 patients with
or without HIV coinfection. Antiviral therapy. 2014. Epub 2014/10/04.
46. Lawitz E, Mangia A, Wyles D, Rodriguez-Torres M, Hassanein T, Gordon SC, et al. Sofosbuvir for previ-
ously untreated chronic hepatitis C infection. N Engl J Med. 2013; 368(20):1878–87. doi: 10.1056/
NEJMoa1214853 PMID: 23607594.
47. Wang Y, Rao HY, Xie XW, Wei L. Direct-acting Antiviral Agents Resistance-associated Polymorphisms
in Chinese Treatment-naive Patients Infected with Genotype 1b Hepatitis C Virus. Chin Med J (Engl).
Resistance to Direct Acting Agents in HIV/HCV Co-Infection
PLOS ONE | DOI:10.1371/journal.pone.0157438 June 24, 2016 13 / 14
2015; 128(19):2625–31. doi: 10.4103/0366-6999.166038 PMID: 26415801; PubMed Central PMCID:
PMCPMC4736847.
48. Trimoulet P, Belzunce C, Faure M, Wittkop L, Reigadas S, Dupon M, et al. Hepatitis C virus (HCV) pro-
tease variability and anti-HCV protease inhibitor resistance in HIV/HCV-coinfected patients. HIV medi-
cine. 2011; 12(8):506–9. Epub 2011/03/18. doi: 10.1111/j.1468-1293.2011.00913.x PMID: 21410862.
49. Vicenti I, Rosi A, Saladini F, Meini G, Pippi F, Rossetti B, et al. Naturally occurring hepatitis C virus
(HCV) NS3/4A protease inhibitor resistance-related mutations in HCV genotype 1-infected subjects in
Italy. The Journal of antimicrobial chemotherapy. 2012; 67(4):984–7. Epub 2012/01/20. doi: 10.1093/
jac/dkr581 PMID: 22258932.
50. Halfon P, Bourliere M, Khiri H, Penaranda G, Martineau A, Oules V, et al. Mutation rate in hepatitis C
virus NS3 protease is not influenced by HIV-1 protease inhibitor therapy. Aids. 2008; 22(13):1694–6.
Epub 2008/08/02. doi: 10.1097/QAD.0b013e32830a989b PMID: 18670239.
51. Jabara CB, Hu F, Mollan KR, Williford SE, Menezes P, Yang Y, et al. Hepatitis C Virus (HCV) NS3
sequence diversity and antiviral resistance-associated variant frequency in HCV/HIV coinfection. Anti-
microbial agents and chemotherapy. 2014; 58(10):6079–92. Epub 2014/08/06. doi: 10.1128/AAC.
03466-14 PMID: 25092699; PubMed Central PMCID: PMC4187920.
52. Morsica G, Bagaglio S, Uberti-Foppa C, Galli L, Lazzarin A. Detection of hepatitis C mutants with natu-
ral resistance to NS3/4A protease inhibitors in HIV/HCV-coinfected individuals treated with antiretrovi-
ral therapy. Journal of acquired immune deficiency syndromes. 2009; 51(1):106–8. Epub 2009/04/25.
doi: 10.1097/QAI.0b013e3181a02fda PMID: 19390331.
Resistance to Direct Acting Agents in HIV/HCV Co-Infection
PLOS ONE | DOI:10.1371/journal.pone.0157438 June 24, 2016 14 / 14
